pileptic seizures, especially those originating from the temporal lobe, are often associated with abnormalities of the ECG. [1] [2] [3] [4] [5] As certain anatomical structures in the temporal lobe, like the insula and the amygdala, play an important role in autonomic cardiovascular regulation, 6 7 epileptic discharges in these structures may lead to heart rate changes that can precede other clinical symptoms by more than a minute. 8 Whether there is a central hemispheric lateralisation of cardiac autonomic control is debatable. Evidence for a predominantly sympathetic influence of the right cerebral hemisphere comes from several studies investigating epileptic patients undergoing intracarotid amobarbital sodium test 9 10 11 and from stimulation experiments of the right insular cortex in patients undergoing surgical treatment for epilepsy. 12 On the other hand, several studies assessing ECG changes during epileptic seizures have failed to prove a relation between the incidence or quality of cardiac arrhythmias and the side of the epileptic focus. 3 13 14 To clarify the question of whether there is a central imbalance in cardiac autonomic control, we analysed early ictal heart rate changes during temporal lobe seizures monitored using bilateral subdural electrodes.
METHODS
We studied 21 patients with unilateral temporal lobe epilepsy-12 with a right temporal focus and nine with a left-who were referred to the Epilepsy Centre of the University of Erlangen-Nuremberg for presurgical evaluation and scheduled as candidates for surgery. None of the subjects suffered from cardiovascular disease. The characteristics of the patients and the aetiologies of their epilepsy are given in table 1.
All patients underwent seizure monitoring using bilateral subdural electrodes, including bilateral temporal strip electrodes or bitemporal grid electrodes.
We analysed the first recorded seizure in each patient. Heart rate was averaged manually over five second intervals. The first clinical symptom, which could include sensing an aura, was defined as the seizure onset. The time period from 35 seconds before to five seconds after clinical seizure onset was used for statistical analysis. This interval was chosen because no epileptic discharges had occurred before this time within the period of study, the epileptic activity was restricted to one temporal lobe, and there was interhemispheric propagation in nearly all recorded seizures after this period.
Statistical analysis
Statistical significance was assumed at a probability (p) value of < 0.05. All data are presented as means (SD). To analyse changes in heart rate before and during the seizures in relation to focus lateralisation and sex, an analysis of variance for repeated measures (MANOVA for repeated measurements) was employed, with focus laterality and sex as betweensubject factors and the five second time intervals before and after seizure onset as repeated measures. The KolmogorovSmirnov statistic with a Lilliefors significance level for testing normality was employed. Mauchly's test of sphericity was used to test the hypothesis that the covariance matrix of the transformed variables has a constant variance on the diagonal and zeros off the diagonal. There was no evidence to reject the normality assumption. In case of violation of the sphericity assumption, the Greenhouse-Geisser correction was employed. In case of significant F values, separate analyses for both focus and sex were computed. Heart rate differences in the time course were analysed using polynomial contrasts (general linear model; within-subject contrasts).
RESULTS
In the interval analysed (−35 s to +5 s), mean (SD) heart rate increased from 77.0 (19.5) to 82.5 (17.8) beats/min in patients with a left sided focus, and from 73.5 (12.3) to 91.0 (16.1) beats/min in those with a right sided focus. MANOVA revealed a significant interaction for time points × focus lateralisation (F = 3.8, df = 2.89/27, p = 0.017, Greenhouse-Geisser corrected). Further separate analysis for each focus group showed an increase in heart rate in the right temporal group (F = 10.7, df = 2.34/27, p < 0.001, Greenhouse-Geisser corrected); the polynomial contrast showed a significant linear trend (F = 17.45, df = 1/11, p = 0.002, Greenhouse-Geisser corrected). In the left temporal group no significant change was observed.
We also found an interaction for time points × focus lateralisation × sex (F = 3.67, df = 2.89/27, p = 0.019), showing a significant effect of sex. Separate analyses for both sexes showed a linear increase in heart rate only in male patients with a right temporal seizure onset (F = 14.24, df = 2.58/27, p = 0.001; Greenhouse-Geisser corrected). Neither in male patients with a left hemispheric seizure onset nor in any female patient subgroup was seizure onset associated with heart rate changes (fig 1) .
DISCUSSION
Our results suggest that the hemispheric influence on autonomic cardiovascular regulation is lateralised in men, as male patients with a right temporal lobe seizure onset had a significantly greater increase in heart rate early in the course of the seizure. Neither male patients with left temporal epileptic focus nor any female patients showed significant changes in heart rate. By restricting our analysis to seizures monitored by bilateral invasive electrodes, we were able to show that during the investigated period the epileptic activity was strictly confined to one hemisphere. Thus spreading of the epileptic activity could be ruled out as a cause of the observed heart rate effects.
Our results are somewhat at variance with earlier studies investigating ictal ECG modulation. In general, no relation was found in those studies between the site of the epileptic seizure and the type of autonomic response. 3 5 13 Methodological differences may have contributed to this discrepancy-for example, the use of a restricted number of scalp electrodes in some studies may have made it hard to identify primary and propagated ictal features. This is important in that heart rate changes can be the earliest symptom of a seizure in temporal lobe epilepsy. 8 Thus the fact that most earlier reports involved the use of only a limited number of scalp electrodes 1-3 5 14 might
well have contributed to the discrepant findings. Nevertheless, Epstein et al also used subdural and bilateral temporal lobe depth electrodes and obtained results that differed from ours; they concluded that ictal tachycardia depended only on the volume of cerebral structures recruited into the seizure, regardless of the seizure origin or the cerebral structures involved. 13 Several things may have contributed to this disagreement. First, Epstein et al disregarded sex differences. Second, only five patients were investigated (though with a total of 27 seizures); however, as there is evidence from published reports that heart rate profiles show noticeable seizure to seizure similarities when multiple fits are recorded in the same patient, 15 an analysis of many seizures from a small number of patients will not necessarily increase the weight of the results.
The hypothesis of an autonomic cerebral lateralisation has been proposed by other investigators. For example, intraoperative stimulation of the insular cortex in humans was found to lead to differential left/right heart rate changes, with tachycardia produced by stimulation of the right side. 12 Additional support for cerebral lateralisation of the sympathetic cardiovascular input is obtained from studies using the amobarbital test (WADA test). Zamrini et al found a significant bradycardia after inactivation of the right hemisphere and tachycardia after inactivation of the left hemisphere. 10 Another investigation produced similar results when performing spectral analysis of heart rate, and confirmed a predominance of the right hemisphere in the sympathetic regulation of cardiovascular function. 9 Another major finding of our study was a central imbalance of autonomic cardiac control in men only. From published reports there is evidence for sex differences in cardiac sympathovagal regulation. It is not yet clear whether there are sex differences in the incidence of sudden epileptic death, 16 17 or if there are, whether this syndrome is caused by central apnoea rather than by central autonomic deregulation. 18 However, heart rate variability in women has been shown to be significantly less than in men as a result of reduced sympathetic influence on the heart, 19 a fact that could explain why women appear to have a lower incidence of atrial fibrillation and sudden cardiac death than men. 20 21 Our results suggest that a dissimilar central regulation may contribute to these sex differences in heart rate variability. Interestingly, lateralisation of cortical function in men has also been shown for another central function: in imaging studies of central language processing it was found that cortical activation was restricted to the left hemisphere in men, whereas in women there was a tendency to bilateral brain activation. 22 Although our results may be considered preliminary, owing to the rather small sample size, the findings confirm a central lateralisation of autonomic cardiovascular regulation in men.
